INTRODUCTION
4 and the residues involved in substrate recognition and hydrolysis, in some enzymes, 69 have been identified (15, 34, 39) . 70
The enzymes involved in cellulose deconstruction, including endo-and exo-glucanases 71 from GH families 5 and 9, interact with and hydrolyze lichenin at non specific β-1,4 72 linkages (21). Laminarin, a β-1,3 linked glucose polymer with β-1,6 linked glucose 73 substituents, is hydrolyzed by GH16 laminarinases (EC 3.2.1.39), which also have the 74 ability to degrade internal β-1,3 linkages within lichenin (10) . 75 Several biochemical studies have been conducted on lichenin degrading enzymes of 76 ruminal origin; however only two enzymes of the ruminal cellulolytic bacterium 77
Fibrobacter succinogenes have been extensively characterized at the biochemical level 78 (12, 33, 37, 40) . A bioinformatic search of a partial genome of Ruminococcus albus 8 79 revealed many genes encoding putative glycoside hydrolases. Three cloned endo-80 glucanases, two from R. albus F-40 and one from R. albus SY3, were capable of 81 hydrolyzing lichenin, but the mechanisms of their activities were not characterized in 82 detail (22, 30, 36) . A clearer understanding of the R. albus enzymes used to degrade 83 complex polysaccharides into fermentable sugars will provide mechanistic insights into 84 the role of strains of this bacterium in their natural habitat. In this study, three genes 85 encoding putative lichenin degrading enzymes and one gene encoding a putative β-86 glucosidase in R. albus 8 were expressed, and the hydrolytic activities on 87 polysaccharides and oligosaccharides were biochemically characterized. Insights into 88 the biochemical function of each enzyme and how they contribute in synergy to 89 effectively degrade lichenin into glucose, cellobiose and cellotriose for subsequent 90 utilization by the organism are discussed. Cells were collected by centrifugation (5000 x g, 15 min, 4 o C) and re-suspended 139 in 30ml of lysis buffer (50mM Tris, 300mM NaCl, pH7.5). The cell suspensions were 140 lysed using an EmulsiFlex C-3 cell homogenizer from Avestin (Ottawa, Canada). The 141 cell debris were separated by centrifugation (20,000 x g, 30 min, 4 o C), and the clarified 142 lysate was incubated at 4°C for 1 hour with Talon Metal Affinity Resin (Clontech). The 143 bound proteins were eluted from the resin using an elution buffer composed of the lysis 144 buffer supplemented with 150mM imidazole. Subsequently, the fractions containing the 145 Ra0453, Ra0505, and Ra2830 proteins were subjected to gel filtration (HiLoad 16/60 146 Superdex 200 prep grade column, GE Healthcare) on an AKTAxpress fast protein liquid 147 chromatograph (FPLC, GE Healthcare). The proteins were in a buffer composed of 148 50mM Tris, 150mM NaCl, pH 7.5, and the same buffer was used to develop the 149 chromatography. The highly purified protein fractions (based on SDS-PAGE) were 150 dialyzed against a storage buffer (50mM Tris, 150mM NaCl, pH 7.5) and stored at 4°C. 151
The R. albus 8 Ra1595 protein was subjected to gel filtration chromatography with a 152 buffer containing 50mM sodium phosphate, pH7.5. The eluted proteins were applied to 153 an anion exchange column (5 mL HiTrap Q HP column, GE Healthcare) with the buffer 154 for the gel filtration chromatography serving as the equilibration buffer. To elute the 155 bound proteins, a gradient was developed with the equilibration buffer containing NaCl 156 at 1 M concentration. The highly purified protein fractions were dialyzed against theelsewhere (26), and the proteins were visualized by staining with Coomassie brilliant 160 blue G-250. The concentration of each purified protein was determined using 161 absorbance spectroscopy by the method described by Gill and von Hippel (16) release of reducing sugars was detected using the para-hydroxy benzoic acid hydrazide 207 (pHBAH) assay as described by Lever (27) . The specific activities of the enzymes with 208 each polysaccharide as substrate were determined based on the amount of reducing 209 ends release by each enzyme per time. Cellobiose was used to derive a standard curve 210 for the pHBAH assay. To examine the products of hydrolysis, polysaccharides 211 incubated with enzymes were separated using thin layer chromatography (TLC) with a 212 mobile phase composed of n-butanol, acetic acid, and water (10:5:1) and visualized by 213 spraying with methanolic orcinol and heating at 75°C for 15 minutes. The products of 214 hydrolysis were also separated using high performance anion exchange 215 chromatography (HPAEC) with a System Gold® HPLC instrument from Beckman 216
Coulter (Fullerton, CA) fitted with a Carbopac™ PA-1 guard column (4 x 50 mm) and a 217 CarboPac PA1 analytical column (4 x 250 mm) from Dionex Corporation (Sunnyvale, 218 CA). The eluted saccharides were then detected with a pulsed Model 5040 219
Amperometric Analytical Cell and a Coulochem® III electrochemical detector (PAD) 220 from ESA Biosciences (Chelmsford, MA) as described elsewhere (7). To identify and 221 quantify the mono-and oligo-saccharides produced from enzymatically degraded 222 polysaccharides, peak retention times and peak areas from the chromatographs of 223 samples were compared to those of commercially available saccharides analyzed as 224 standards. For time course hydrolysis and determination of synergistic interactions of 225 enzymatic activity on lichenin, the substrate under investigation at 0.5% (w/v) was 226 digested with individual enzymes or different mixtures of Ra0453, Ra0505, Ra1595, and 227
Hydrolysis of gluco-oligosaccharides. Enzymatic hydrolysis of cello-and β-1,3-230 β-1,4-gluco-oligosaccharides was carried out with 10mM substrate concentration at 231 37°C. To determine specific activities of Ra1595 on cellobiose and laminaribiose, the 232 enzyme was added at concentrations that provided a linear release of product. Glucose 233 production was measured with the glucose oxidase reagent set purchased from a 234 commercial vendor (Pointe Scientific) and used according to the instructions of the 235 manufacturer. The hydrolyzed sample and standards with varying concentrations of 236 glucose (5 µl) were added to the preheated reagent (400 µl) and incubated at 37°C for 5 237 minutes in the thermostated Synergy II multi-mode microplate reader. The absorbance 238 was measured at 510 nm and the products released in the reaction mixture were 239 estimated using a standard curve generated with known glucose concentrations. 240
Hydrolysis products of cello-and β-1,3-β-1,4-gluco-oligosaccharides were separated 241 and visualized with thin layer chromatography as described above. The time course of 242 cellohexaose hydrolysis by Ra0453 and Ra2830 was performed to gain insight to their 243 mode of hydrolysis of cellulosic substrates. The substrate (10 mM) was incubated with 244
Ra0453 or Ra2830 at concentrations of 2 µM and 75 nM, respectively. The reaction 245 products were then separated and detected using HPEAC-PAD as described above. 246
Since initial screening showed that Ra0505 and Ra1595 lack cellulolytic activity, their 247 hydrolysis of cellulosic substrates was not further investigated. In Figure 1A , the domain architectures, as determined by Pfam 271 (http://pfam.sanger.ac.uk/), of the four cloned enzymes are presented, with arrows 272 designating the location of primers. Two of the proteins were 273 predicted to possess signal peptides. Therefore, the forward PCR primers were 274 designed to remove the signal peptides to ensure accumulation of the recombinant 275 gene products in the E. coli cells. Whereas Ra0453 is composed of only a GH5 domain, 276 the GH5 module of Ra2830 was flanked by an N-terminal signal peptide and a C-277 terminal dockerin-like domain. The two enzymes are classified within the same family, 278 however, their GH5 catalytic domains only shared 14% identity. Ra0505, which also has 279 an N-terminal signal peptide, contained a GH16 catalytic domain. The GH16 module is 280 known to occur in glycoside hydrolases with lichenase (EC 3.2.1.73), laminarinase (EC 281 3.2.1.6), agarase (EC 3.2.1.81), or xyloglucan:xyloglucosyl transferase (EC 2.4.1.207) 282 activities. The R. albus 8 Ra1595 possessed the two domains known to occur in GH 283 family 3 proteins, which are usually β-glucosidases (EC 3.2.1.21) or β-xylosidases (EC 284
3.2.1.37). An interesting feature of Ra1595 is that its C-terminal and N-terminal domains 285
are usually located at the N-termini and C-termini, respectively, of members of this GH 286 family. The linker region between the two domains (GH3-C and GH3-N) also appears 287 longer than that of other GH3 proteins. Whereas the linker regions of other GH3 288 proteins examined were approximately 65-100 amino acid residues long (7), Ra1595 289 has a linker of 225 amino acid residues. 290 291 Analyses of purified lichenin degrading enzymes. The R. albus Ra0453, 292 Ra2830, Ra0505, and Ra1595 were purified to near homogeneity ( were determined with a reducing sugar assay for substrates that were degraded by the 299 enzymes (Fig. 1C) . Despite their low amino acid sequence identity, Ra0453 and 300
Ra2830 hydrolyzed the same polysaccharides, although with different specific activities. 301
The highest specific activity of Ra0453 was with lichenin as a substrate, followed by 302 glucomannan, WAX, and CMC. As shown in the results for Ra0453, the activity on the 303 soluble mixed linkage β-glucan (lichenin) was approximately 1000 times higher than 304 CMC. The R. albus Ra2830 also had the highest specific activity on lichenin, and the 305 activities on CMC and glucomannan, which were similar, were about 10 times lower 306 than the lichenase activity. For this enzyme, the activity on WAX was very low, as 307 observed for Ra0453. Very large amounts of reducing ends were released from lichenin 308 by Ra0505 at a very low enzyme concentration. The specific activity of this enzyme, on 309 lichenin, was 50 to 100 fold higher than those of Ra0453 and Ra2830, respectively. 310 Whereas Ra0505 did not have hydrolytic activity on β-1,4 linked glucans (based on 311 CMC as a substrate), it hydrolyzed laminarin, a β-1,3 linked glucan, at a low rate. There 312 was also release of a small amount of reducing ends from WAX, at a comparable rate to 313 those of Ra0453 and Ra2830. The GH3 enzyme, Ra1595, was able to degrade pNP-314 glucoside and pNP-cellobioside, but the hydrolysis of cellobiose was much lower, i.e., 315 approximately 18-fold lower than hydrolysis of pNP-glucoside. By using a glucose 316 oxidase-coupled assay, it was determined that laminaribiose, composed of two glucose 317 monomers linked by a β-1,3 glycosidic bond, was degraded 70 times faster than 318 cellobiose, indicating that this enzyme prefers to cleave β-1,3 glycosidic bonds. 319 HPLC analysis of end products from polysaccharide degradation. To 321 determine whether differences in end products were displayed during hydrolysis of 322 polysaccharide substrates by Ra0453, Ra2830, and Ra0505, the individual enzymes 323
were incubated with the different polysaccharides overnight, and the soluble products 324
were analyzed by HPAEC-PAD (Fig 2) . Comparison of Ra0453 and Ra2830 activity on 325 cellulosic substrates ( Fig. 2A and 2B ) demonstrated that Ra0453 produces a small 326 amount of cellobiose, whereas Ra2830 released much higher amounts of cellobiose, as 327 well as producing some cellotriose and glucose. This finding shows that although each 328 of the two enzymes contains a GH5 module, their substrate recognition and catalytic 329
properties are different. The hydrolysis of konjac glucomannan by both GH5 enzymes 330 resulted in glucose and many oligosaccharides with identities that are not easily 331 resolved (Fig. 2C) . 332
The products of lichenin degradation by Ra0453, Ra2830, and Ra0505 showed 333 interesting differences (Fig. 2D) . The R. albus Ra0453 enzyme seems to produce 334 mainly glucose, cellobiose, cellotriose, and a fourth peak unresolved because it 335 represents multiple peaks. This pattern is different from the end products profile of 336 Ra2830, which contained a variety of products including glucose, cellobiose, 337 laminaribiose, cellotriose, a β-1,3-1,4-glucotriose (Li3A), and an unidentified product, 338 which we labeled unidentified oligosaccharide. The GH16 enzyme, Ra0505, mainly 339 produced the latter unidentified oligosaccharide (G3 as in Ra2830 under degradation. An experiment using cello-oligosaccharides of different lengths was carried 345 out to determine the capacity to release smaller products. Both enzymes were able to 346 hydrolyzed cello-oligosaccharides of degree of polymerization greater than 3. In 347 addition, Ra0453 degraded cellotriose (Fig. 3Ai, lane 5) , whereas no products were 348 observed with Ra2830 incubated with this substrate (Fig. 3Aii, lane 5) . Based on both 349 HPAEC-PAD and TLC analyses, the major product of oligosaccharide degradation, from 350 both enzymes, is cellobiose, which has been shown as a preferred substrate of R. albus 351
(38), a relative of the bacterium under study. 352
To further analyze the action by which the enzymes hydrolyze longer cello-353 oligosaccharides, they were incubated with cellohexaose for a time course analysis. 354
The products were analyzed by HPAEC-PAD (Fig. 3B) . The R. albus 8 Ra0453 mostly 355 cleaved cellobiose from cellohexaose to produce cellotetraose, which was then 356 hydrolyzed into two cellobiose units (Fig. 3Bi) . This pattern is suggestive of an exo-357 cellulolytic mode of action, as cellobiose constitutes the repeating unit in cellulose. 358
Conversely, Ra2830 displayed an endo-cellulolytic mode of action, producing relatively 359 equal amounts of cellobiose, cellotriose and cellotetraose from cellohexaose initially, 360 with further degradation to shorter products, mostly cellobiose, with time (Fig. 3Bii) . recognition by these enzymes, Ra0453, Ra2830, Ra0505, and Ra1595 (0.5 µM) were 366 incubated with gluco-oligosaccharides that contain various configurations of the β-1,3 367 and β-1,4 glycosidic bonds (Figure 4) . 368
The R. albus Ra0453 hydrolyzed Li3B into glucose and cellobiose (Fig. 4Ai, lanes 6  369 and 7), Li4A into cellobiose (2 glucose units joined by a β-1,4 glycosidic linkage) and 370 laminaribiose (2 glucose units joined by β-1,3 glycosidic linkage), Li4B into cellobiose 371 and glucose (Fig. 4Ai lanes 10 and 11) , Li4C into cellobiose (Fig. 4Ai, lanes 12 and 13) , 372
and Li5A into cellobiose and Li3A (Fig. 4A1 lanes 14 and 15) . Upon analyzing the 373 substrates that were extensively degraded (Li3B, Li4B and Li4C), a β-1,3 linkage is 374
cleaved when a β-1,4 linkage is present between the -1 and -2 subsites (Fig. 4Ci) . The 375 production of cellobiose and glucose from Li4B can be explained by the slow hydrolysis 376 of cellotriose (further explained later), which is produced from the initial cleavage of the 377 β-1,3 linkage present in the tetra-saccharide (Fig. 4B) . 378
The R. albus Ra2830 was also able to degrade Li4B, and unlike Ra0453, the 379 products included cellobiose and laminaribiose (Fig. 4Aii lanes 10 and 11) . Other 380 oligosaccharides degraded by Ra2830 include Li3B and Li4C (Fig. 4Aii ), which were 381 cleaved at the β-1,3 glycosidic bond. Hydrolysis of this linkage was incomplete after 16 382 hours, indicating that these are not preferred substrates. 383
The R. albus Ra0505 was able to degrade Li4A, Li4C, and Li5A by hydrolyzing a β-384 1,4 linkage when a β-1,3 linkage is present between the -1 and -2 subsites (Fig. 4Ciii) . 385
This activity was evident in oligosaccharides with a degree of polymerization greater 386 than 3 (Fig. 4Aiii) . 387
The R. albus Ra1595 degraded laminaribiose rapidly. In contrast, cellobiose was 388 degraded at a much slower rate (Fig. 1C) . These findings indicated a preference for 389 hydrolysis of the β-1,3 glycosidic bond. The experiment with the mixed linkage cello-390 oligosaccharides as substrates (Fig. 4Aiv) suggested that Ra1595 preferentially 391 releases the glucose molecule in a β-1,3 glycosidic bond at the nonreducing end. 392
Hydrolysis of Li3A produced glucose and cellobiose, and hydrolysis of Li4A produced 393 glucose and cellotriose with a small amount of cellobiose (Fig. 4Aiv) Ra2830, and Ra0505 were shown to hydrolyze several polysaccharide substrates (Fig.  403 1 and Fig. 2 ) with the highest activities displayed on lichenin. To examine the products 404 released by each of the enzymes during hydrolysis of lichenin, a time course for 405 hydrolysis of this substrate was performed. In Figure 5A , representative chromatograms 406 show a timed release of products from lichenin hydrolysis as analyzed by HPAEC-PAD. 407
The concentrations of the products that matched the elution of standards were 408 calculated and plotted in Figure 5B . The R. albus Ra0453 (50 nM) hydrolyzed lichenin 409 within 2 hours into cellotriose, cellobiose and glucose (Fig. 5A, Ra0453) . Upon 410 on June 23, 2017 by guest http://aem.asm.org/ Downloaded from continued incubation, the cellotriose was converted to glucose and cellobiose. At the 411 same enzyme concentration as Ra0453, Ra2830 degraded lichenin at a slower rate and 412 released a mixture of products simultaneously (Fig. 5A and Fig. 5B, Ra2830) , and the 413 endproducts profile remain the same over a period of 12 hours, indicating that there are 414 no intermediate oligosaccharides that are further degraded with time. The Ra0505 of R. 415 albus 8 was incubated with lichenin at 5 nM, which is ten times lower than the 416 concentrations of the other two enzymes; however, the degradation of lichenin was 417 complete within 2 hours. The major product was the unidentified oligosaccharide and 418 there were no detectable intermediate sugars. The R. albus 8 Ra1595 yielded almost no detectable products from lichenin, based on 422 HPLC analysis (Fig. 6A) . However, since it degraded oligosaccharides derived from 423 lichenin, it was analyzed together with the polysaccharide degrading enzymes to 424 determine if combinations of the four enzymes will synergistically release products. All 425 possible combinations of enzyme mixtures were investigated, and the soluble sugars 426 released were analyzed by HPAEC-PAD. Short term hydrolysis (Fig. 6) , performed for 427 only 1 minute, showed pronounced release of cellobiose and cellotriose in mixtures 428 shown). It appears that a β-1,4 linkage present between the -1 and -2 subsites is 495 required by Ra0453 for the hydrolysis of the β-1,3 glycosidic bond (Fig 4Ci) . Although 496
Ra0453 is capable of hydrolyzing the mixed linkage polysaccharide, this enzyme is 497 predicted to be intra-cellularly located due to the lack of a signal peptide, and therefore 498 it may degrade the products of lichenin breakdown after transport into the cell. This 499 hypothesis is supported by the release of the unidentified oligosaccharide product of 500 lichenin hydrolysis by Ra2830 and Ra0505 (enzymes with signal peptide), which is 501 converted to glucose and cellobiose by Ra0453. 502 There is potential for Ra0453 to be used as feed additive for diets made with barley 503 grain. Previous studies have shown that inclusion of a β-1,3-1,4 glucanase improved the 504 nutritive value of barley based broiler diets (43). In contrast to other licheninases, the 505 hydrolysis of mixed linkage glucans by Ra0453 releases a fair amount of glucose with 506 prolonged incubation, and inclusion in feeds may provide additional nutritional benefits, 507 especially to monogastric animals. 508
There have been two previous studies conducted on β-glucosidases from R. albus 509 strains F-40 and strain AR67 (31, 42). In the study conducted by Ware et al., the GH3 510 protein had greater hydrolytic activity on β-1,3 linked laminaribiose and laminarin than 511 the β-1,4 linked cellobiose and cello-oligomers (42). The study performed by Ohmiya et 512 al. characterized a β-glucosidase (31) that shares 79% amino acid sequence identity 513 with Ra1595. This enzyme was able to degrade pNP-β-D-glucoside within 2 hours, 514 however, hydrolysis of cellobiose was incomplete after 15 hours. In our study, Ra1595 515 exhibited a similar activity since it was able to hydrolyze pNP-β-D-glucoside faster than 516 cellobiose (Fig. 1Civ) . We have shown that Ra1595 preferentially degrades 517 laminaribiose, and therefore it can be classified as a β-1,3 glucosidase. The products 518 from Ra2830 catalyzed hydrolysis of lichenin include laminaribiose, and Li3A, which are 519 suitable substrate for Ra1595. As expected, these two enzymes acted synergistically to 520 release more glucose. (produced by Ra2830) into glucose and cellobiose. The R. albus 8 Ra0453 degrades 528 the unidentified oligosaccharide (produced by into glucose and 529 cellobiose, and these products correspond to the final products seen in the mixture of all 530 four enzymes (Supplemental Fig. 1 ). The genome of R. albus 8 codes for a putative 531 cellobiose phosphorylase that likely catalyzes the phosphorolysis of cellobiose into 532 glucose and glucose-1-phosphate which can then enter glycolysis (18, 28) . Future 533 studies on enzyme localization, especially for Ra0453, and gene expression profiles will 534 be required to validate this model. 
